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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The regularities of surface cratering in commercial and precision TiNi alloys irradiated with a low-energy, high-current electron 
beam (LEHCEB) in dependence on non-metallic (TiC(O)) or intermetallic (Ti2Ni) inclusions presented in TiNi matrix are 
studied. The melting threshold of TiNi alloy was found to be achieved in the range of LEHCEBs energy density Es corresponding 
to 1.3-1.5 J/cm2. The dominant role of non-metallic inclusions [mainly, TiC(O)] in the nucleation of microcraters was found. The 
processes initiated by pulsed heating/melting near the inclusion/matrix interface were analyzed. It is proposed that the most 
important factor enabling the liquid-phase dissolution of inclusions and delivery of impurities of C and O [from TiC(O)] and O 
(from Ti4Ni2Ox) into TiNi melt are eutectic reactions taking place in the Ti-Ni-C and Ti-Ni-O systems near Ti50Ni50 composition. 
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1. Introduction  
The nearly equiatomic nickel-titanium (NiTi) alloys are unique biomedical metallic materials [Yoneyama 
et.al.(2009),Yamauchi et.al.(2011)] due to combination of their properties – high level of superelasticity and high 
corrosion resistance. These properties can be put to excellent use in various biomedical applications, such as wires 
for cardiology and vascular stents [Yoneyama et.al.(2009)]. Although NiTi alloys have achieved great commercial 
success in medical field and in recent years, development of NiTi-based alloys for implant applications has 
increased significantly, their high nickel content may adversely affect the biocompatibility of the material because 
nickel released into body fluids can induce toxic and allergic responses [Wever at.al.(1997)]. Another important 
factor limiting their use is insufficient level of fatigue performance for modern TiNi human implants, which is 
especially important as applied to stents. Commercial TiNi alloys contain oxide and oxycarbide inclusions [TiC(O), 
Ti4Ni2O, Ti2Ni(C,O)], as well as Ti2Ni precipitates [Toro at.al.(2009),Coda at.al.(2012)] in their bulk and on their 
surface. Elemental and phase compositions of inclusions, their volume and surface density, morphology and size 
distribution depend on the method of alloy production and subsequent thermomechanical processing conditions 
[Kramer (2009),Sczerzenie at.al.(2012)]. These very inclusions on the TiNi implant surface are sites of pitting 
corrosion in body fluids [Neelakantan at.al.(2012)], as well as fatigue crack origin sites [Rahim at.al.(2013)], 
degrade corrosion resistance and fatigue performance of TiNi alloys. 
An effective method for removing inclusions/second-phase particles from the surface layers of TiNi alloys is a 
method for surface modification by means of microsecond (1-3 μs) low energy (10-40 keV), high current (10-25 
kA) electron beams (LEHCEBs) [Rotshtein at.al.(2006),Mori at.al.(2013)] in the surface melting modes [Zou 
at.al.(2006),Meisner at.al.(2015)]. This method has been successfully developed over the past decade to improve 
corrosion resistance, wear resistance and fatigue performance of metallic materials, including biomaterials. 
Unfortunately, very often pulse melting is accompanied by cratering. Since microcraters mostly appear at the 
locations of inclusions, the elucidation of their role in cratering is of considerable practical interest. However, to our 
knowledge, the characteristics and mechanism of this phenomenon as applied to LEHCEB-irradiation of TiNi alloys 
have been insufficiently studied. One paper [Zou at.al.(2006)] has been published only, in which cratering was 
associated with local overheating of Ti2Ni precipitates present in the TiNi matrix. 
The aim of this work is to study the role of nonmetallic inclusions and second-phase particles being in 
commercial and precision TiNi alloys in the cratering induced by LEHCEB-treatment. 
2. Experimental 
Test samples were made of commercial and precision TiNi alloys. Commercial alloy (supplier - MATEK-SMA, 
Russia) was produced by vacuum induction melting (VIM). Plate samples 10101 mm were spark-cut from a hot 
rolled plate of 1 mm thickness. The chemical composition of alloy was Ti-55.08Ni -0.051C - 0.03O - 0.002N (wt. 
%), and the transformation temperature As = 303 K. High purity precision alloy (Ti49.5Ni50.5, at.%) was melted from 
pure titanium and nickel (≤99.99 wt.% Ti and ≤99.99 wt.% Ni) by six-fold vacuum arc remelting. The ingot was 
homogenized at 1273 K for 6 hours and then cooled by a furnace. Out of the rod, obtained by means of ingot 
extrusion, we cut out samples in the form of plates 10101 mm perpendicular to its axis. The samples were 
subsequently annealed (1073 K, 1 h) in vacuum (10-3 Pa) with cooling by a furnace. The transformation 
temperatures determined by X-ray diffraction (XRD) were: MS= 290 K, MF= 270 K, AS = 303 K and AF= 330 K 
[Meisner at.al.(2004)]. Chemical cleaning of the samples’ surface was performed in a HNO3 1+ HF2 mixture (3:1 
volume ratio). Subsequently, the samples of precision alloy were mechanically polished up to a mirror finish in the 
grinder/polisher system Saphir 550 (ATMGMBH, Germany) using alumina and diamond pastes (1.20.3 μm). 
Samples of commercial TiNi alloy were not exposed to grinding/polishing to preserve the maximum possible 
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surface properties of the as-received plate stock. After that, all samples were electropolished in a CH3COOH3 + 
HClO44 mixture (3:1 volume ratio), and then washed in ultrasonic bath with distilled water. The same electrolyte 
was used to identify the material microstructure. 
2. Electron-beam setup “RITM-SP” (Microsplav, Russia) [Markov at.al(2011)] was used for LEHCEB-treatment of 
TiNi alloys. Test samples were mounted along the beam’ axis so the irradiation was carried out by its homogeneous 
central part. The electron beam parameters were as follows: maximum electron energy of 10–16 keV, pulse duration 
of 2 μs, Е = 1–2 J/cm2, beam’s diameter of 60 mm, number of pulses n=1. The energy density was preliminary 
controlled by a calorimeter accurate to at least ± 15%. 
Microstructural characterization of the surface layer was conducted using the equipment of the Center for 
Collective Use “Nanotech” at the ISPMS SB RAS. Transmission electron microscopy (TEM) experiments were 
performed on JEM 2100 electron microscope (JEOL, Japan) at accelerating voltage of 200 kV by the method of thin 
foils. Thin foils of “cross-section” geometry were made by ion thinning using EM 09100IS device (JEOL, Japan) 
from thin (0.3 mm) plates, spark-cut perpendicularly to the plane of the samples. This enabled studying of the 
microstructure in a cross section of the material at different depths below the surface. To identify the inclusions we 
used selected area electron diffraction (SAED); the diameter of aperture was 200 nm. The elemental composition of 
the material in the localization of the inclusions before and after irradiation were determined with the INCA Energy 
energy-dispersive spectrometer (Oxford Instruments, UK) installed on scanning [EVO 50 (Zeiss, Germany)] and 
transmission (JEM 2100; the electron-probe diameter was ~ 12 nm) electron microscopes. Optical metallography 
(OM) was conducted on the Axiovert 200MAT microscope (Zeiss, Germany), 2D- and 3D- laser surface 
profilometry was conducted on New View profilometer-interferometer (Zygo, USA) and the Keyence VK-8510 
laser microscope (Japan). 
3. Results 
3.1. Inclusion characterization   
Commercial TiNi alloy. According to XRD data (Fig.1 a), in the initial state, the alloy had single-phase B2 
structure with lattice parameter аB2 = 0.3012 nm [Meisner (020146) at.al.(2015)]. The XRD broadened lines of the 
B2 phase showed the presence of small residual stress, and/or that the mean coherent scattering domain size (CSDS) 
was  100 nm. According to OM data (Fig.2), the grain size in the B2-phase reached 100 μm. We observed 
inclusions/second phase particles (hereinafter, “inclusions”) of 1-5 μm in size distributed preferably along the B2 
grain boundaries and, rarely, inside B2 grains, which were not determined by XRD method. The surface density of 
inclusions was ~7∙109 m-2 [Meisner at.al.(2015)]. 
According to TEM data, numerous inclusions predominantly of a globular shape up to a micron in size, 
distributed almost evenly over the volume of the analyzed layer, were observed inside the grains. Fig. 3 shows 
bright-field TEM images of typical inclusions and corresponding SAED pattern. The secondary electron (SE) TEM 
image of two typical inclusions and the EDS spectrum of one of the inclusions are shown in Fig. 4 as an example. 
The lattice parameter of the carbide inclusion, estimated from SAED pattern (Fig. 3b), is a0.432 nm. This 
value, as it follows from the dependence of lattice parameter of the oxycarbide TiC(O) (FCC) on concentration of C 
and O [Storms(1970)], corresponds to TiC0,6O0,2 composition. This confirms that the inclusions presented in the B2 
matrix phase, are titanium oxycarbide TiCxOy. Note that the composition and morphology of the detected inclusions 
are in good agreement with the chemistry and morphology of inclusions in commercial standard VIM/VAR binary 
NiTi alloys [Coda et.al.(2012)]. 
Precision TiNi alloy. Along with the B2 phase (аВ2 = 0.3013 nm), the Ti2Ni phase was identified (~ 5 vol.%) by 
XRD method in this alloy (Fig. 1 b). The alloy had a polycrystalline structure with a large (> 100 nm) CSDS, with 
no residual stresses [16]. According to TEM data, the B2 phase had completely recrystallized structure. Fig. 5 shows 
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EBSD/SE/ SEM and TEM images of inclusions observed in this alloy and corresponding SAED pattern. The 
inclusions have predominantly elongated shape of a few microns in length (Fig. 5a). The distribution of inclusions, 
in contrast to the commercial TiNi alloy, was inhomogeneous: elongated inclusion clusters were observed 
intersecting several grains and fine inclusions located both inside the grains and along their boundaries.  
 
 
Figure 1. The X-ray diffractograms from samples of commercial (a) and precision (b) TiNi alloys in the initial states before LEHCEB processing. 
Co-K radiation. 
      
 
Figure 2.  Optical images (a, b) of the microstructure on the surface of as-
received commercial TiNi alloy before LEHCEB processing;  
Figure 3. Bright-field TEM images of inclusions in as-
received commercial TiNi alloy: (a) TiC (TiCxOy), at the 
depth h = 3 μm; SAED patterns of inclusion 1 (a). 
The results of TEM/SAED/EDS analysis showed that the main type of inclusions is Ti4Ni2Ox oxide based on 
Ti2Ni. This phase, as well as Ti2Ni intermetallic, has FCC lattice and close lattice parameter [Mueller at.al.(1963)]. 
This complicates reliable separation of these phases by XRD method, which showed that the major second phase in 
this alloy is Ti2Ni. Note, that a fraction of TiCxOy and Ti4Ni2CxOy inclusions inherent to commercial TiNi alloy, is 
insignificant in the precision alloy. 
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3.2. Effect of inclusions on cratering behavior 
The series of experiments on the samples, irradiated with a single pulse near the melting threshold of B2 matrix 
phase was carried out in order to determine the nature of cratering. Such treatment, combined with the possibility of 
changing energy density, allowed us to trace the different stages of the cratering process without distortion of the 
surface microrelief by subsequent pulses 
Commercial TiNi alloy. According to OM data, the melting threshold is achieved in the range of E =1.3–1.5 
      
 
Figure 4. The secondary electron TEM (SE/TEM) image of two 
typical inclusions (a) and the EDS spectrum (b) of the inclusion 1 (a). 
Local concentrations of C, O, Ti, and Ni (at.%) inside the inclusions 
are given in (a)  
Figure 5. EBSD/SEM image of microstructure with inclusions in 
precision TiNi alloy (a); bright-field TEM (b), SE/TEM (d) images 
and SAED pattern (c) of Ti2Ni (Ti4Ni2Ox) inclusion at the depth h = 3 
μm; local concentrations of O, Ti, and Ni (at.%) inside the inclusion 
(b) are given in the Table; (a) –B2(red), Ti2Ni (green)
J/cm2. At E =1.5 J/cm2 numerous microcraters were observed at the melted surface, a large part of which contained 
the inclusion residue in the center. Figs. 6 a-c show the OM image of the crater areas and profilograms of typical 
microcraters containing inclusions’ residues and without them. It can be seen that with the typical diameter of 
microcraters of 15–30 μm their depth is 1–2.5 μm. The inclusion’s residue initiating cratering has a shape of cone, 
the base and top of which are located at the microcrater bottom and the level of melted surface, respectively.  
From these data it follows that a single-pulse irradiation in the initial surface melting mode leads to the 
formation of primary microcraters of two  types: (1) “dimple-rim” shaped, contained inclusion residues (microcrater 
1, Fig. 6 a, b); this is the most common type of microcraters; (2) “dimple-rim” without inclusion residues 
(microcrater 2, Fig. 6 a, c).  
Fig. 7 shows SEM images of the surface area before (with inclusions) and after LEHCEBs irradiation (with  
craters). It also shows the EDS (10 keV) the local element’s concentrations in the centers of inclusion 1 (Fig. 7a) and 
microcrater of type 1 (Fig. 7b), and in areas without inclusions  and, accordingly, microcraters. Here <LOD means 
that the element’s concentration is below the Limit of Detection (LOD). It is seen that the central regions of 
microcrater 1 (as well as particle 1) is strongly depleted in Ni, but enriched in Ti, as well as with C impurities, which 
directly indicates the presence of comparatively course residues of TiC inclusions in the center of microcraters. 
 
Spectra C O Ti Ni 
Spectrum 1 ~ 5 <LOD ~ 92 <LOD (~ 1) 
Spectrum 2 ~ 15 <LOD ~ 87 <LOD (~2) 
Spectrum 3 ~ 11 <LOD ~90 <LOD (~ 1.5) 
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Spectra Ti/Ni O Ti Ni 
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These results together with the data of TEM/EDS analysis of inclusions contained in the initial state (Fig. 4) suggest 
that microcraters of type 1 are mainly nucleated at the TiC(O) inclusions. This character of the microcrater 
chemistry indicates also that during pulsed melting of the inclusion-matrix system and subsequent high-rate 
resolidification of the melt pool, enriched in C and O impurities (accordingly TEM/EDS), in situ of comparatively 
course TiC(O) inclusion submicron inclusion fragments remain, elemental composition of which is similar to that of 
the initial inclusion. Signs of these fragments are visible in secondary electron image of microcraters (Fig. 7b).   
Precision TiNi alloy. The alloy in initial state contained multiple particles evenly distributed over the surface 
 
Figure 6. Optical images (a, d) and corresponding profilograms (b,c) and (e) of microcraters 1, 2, 3 in commercial (a–c) and precision (d, e) 
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they are formed mainly on oxide Ti4Ni2Ox inclusions.  
 
Figure 7. SEM images of the surface area of commercial TiNi alloy before (with inclusions, a) and after LEHCEBs irradiation (with  craters, b); 
the EDS data (10 keV) of the local element’s concentrations in the centers of inclusion 1 (a) and microcrater of type 1 (b), and in areas 2 without 
inclusions  and, accordingly, microcraters (c). 
 
Figure 8. SEM images of the surface area of precision TiNi alloy before (with inclusions, a) and after LEHCEBs irradiation (with  craters, b); (c) 
the EDS data (10 keV) of the local element’s concentrations across the inclusion  and microcrater of type 3. 
5. Conclusions 
1. The morphology, phase and chemical compositions of the inclusions in commercial (VIM) and precision TiNi 
alloys were studied by TEM/SAED/EDS methods. It has been established that in commercial TiNi alloy 
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different inclusions are observed: TiC(O) or TiCxOy inclusions, containing significant amount of oxygen; 
Ti4Ni2CxOy inclusions, as well as the duplex TiCxOy+Ti4Ni2CxOy and/or TiC+Ti4Ni2Ox inclusions. In the 
precision TiNi alloy the main type of inclusions is oxide Ti4Ni2Ox. 
2. In the experiments on both TiNi alloys, exposed to single-pulse LEHCEB-treatment, it was found that 
microcraters arise upon reaching the surface melting threshold of B2 matrix phase. It was found by OM and 
SEM/EDS methods that the sites of microcraters are mainly TiC(O) (commercial alloy) and Ti4Ni2O (precision 
alloy) inclusions. 
3. Three types of microcraters were identified by OM and laser profilometry: (1) “dimple-rim”; (2) “dimple-rim” 
with conical inclusion residue; (3) “dimple-rim” with quasi-flat bottom. It has been shown that microcraters of 
types 1 and 2 are formed on TiC(O) inclusions, while the nucleation sites of microcraters of type 3 are Ti4Ni2Ox 
inclusions. In all three types of microcraters, high concentration of oxygen was observed, which decreases 
rapidly from the center to the periphery. 
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